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Abstract:
Background -Sudden cardiac death and life-threatening ventricular arrhythmias (SCD/LTA) remain a concern in adult patients with repaired tetralogy of Fallot (ToF). Longitudinal left ventricular (LV) function is sensitive in detecting early myocardial damage and may have prognostic implications in this setting. 
Methods and Results
Introduction
Tetralogy of Fallot (ToF) represents the most common cyanotic heart defect at birth, accounting for approximately 10% of all congenital cardiac defects. 1 Early surgical repair has dramatically improved the outcome of ToF, but serious late complications remain of concern. Pulmonary regurgitation (PR) is common in this population and may lead to right ventricular (RV) dilatation, RV dysfunction, exercise intolerance, and eventually life-threatening arrhythmias (LTA) and sudden cardiac death (SCD). [2] [3] [4] [5] [6] [7] Timely pulmonary valve replacement may avoid irreversible RV damage with its deleterious consequences. Nonetheless, SCD is not entirely preventable by this approach. 8 Accurate risk stratification and the development of appropriate algorithms for selection of patients who may benefit from an implantable cardioverterdefibrillator (ICD) would be crucial in this context. Previous studies have focused on the predictive value of surgical history, ECG variables, inducible arrhythmia, exercise intolerance and RV burden of myocardial fibrosis. 9, 10 More recently, left ventricular (LV) systolic and diastolic dysfunction have been reported to carry prognostic information in this setting.
10, 11
Although LV impairment is not uncommon in ToF patients, few patients present with more than mildly reduced LV ejection fraction. 12, 13 proportional-hazard analysis. In addition, the prognostic value of models incorporating different combinations of variables of LV longitudinal function and right heart variables were explored.
Concordance probabilities (C-indices, indices conceptually similar to area under curve on ROC analysis) were calculated for the Cox models using a resampling validation algorithm based on the rms R-package. 26 For all analyses, a 2-tailed P-value <0.05 was used as the criterion for statistical significance. R version 2.12.2 was employed for all analyses.
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Results
Overall, 413 patients with repaired ToF and appropriate echocardiographic recordings were included. The mean age was 36±13 years and 211 patients (51%) were male. Additional demographic and clinical information is presented in Table 1 .
During a median follow-up period of 2.9 years (IQR 1.4 -4.4), 19 patients reached the predefined endpoint of SCD or LTA: 5 patients died suddenly, 9 patients had documented sustained ventricular tachycardia or required resuscitation for nearly missed SCD (and subsequently underwent ICD-implantation for secondary prevention), and 5 patients had appropriate ICD shocks delivered by an ICD implanted prior to initial echocardiography. The annual probability of SCD/LTA was 2.4%. The incidence of SCD was 0.5% per year.
Prognostic value of demographic variables, clinical markers and surgical history
Age and gender were not significantly related to the primary endpoint of SCD or LTA. In contrast, a New York Heart Association (NYHA) functional class > 1, a longer QRS duration as well as a history of more than one previous cardiac surgery with extracorporeal circulation were significantly associated with SCD/LTA on Cox proportional-hazard analysis as shown in Table   2 .
Left ventricular variables
None of the variables of LV diastolic function were significantly related to the study endpoint ( Table 2) . On univariable Cox proportional-hazard analysis, MAPSE and LV-LS were, however, significantly related to the risk of SCD/LTA (Table 2, Figure 1 ). In contrast, LV ejection fraction was not significantly associated (P=0.06) with SCD/LTA ( Table 2 ). In addition,
bivariable Cox proportional hazard analysis confirmed that both LV-LS and MAPSE were associated with SCD/LTA independently of LV ejection fraction (with LV ejection fraction not maintained in the model).
Right heart variables
Right atrial area was significantly related to the risk of SCD/LTA ( Table 2) . This association was independent of the presence of a restrictive RV physiology on bivariable analysis (HR 1.04
[95% CI 1.004-1.085], P=0.03 for right atrial area). In addition, RV enddiastolic area measured from an apical 4-chamber view, RV outflow tract diameter and RV fractional area change were related to SCD/LTA (Table 2) , while TAPSE and RV 2D-systolic strain were not.
Incremental prognostic value of variables of longitudinal LV function
To assess the incremental prognostic value of measures of LV longitudinal function compared to 
Combined prognostic value of echocardiographic variables
Echocardiographic measures significantly associated with the risk of SCD/LTA on univariable Cox analysis were assessed to estimate the combined prognostic value of echocardiographic variables. The full model included a parameter of LV systolic function (either MAPSE or LV-LS), a parameter of RV inflow and apical size (RV enddiastolic area), a measure of RV outflow tract size (RVOT diastolic diameter), a measure of RV function (RV fractional area change) and a parameter of right atrial enlargement (right atrial area). In addition, simplified models were constructed, containing only a subset of these variables. As LV ejection fraction was not significant on univariable Cox analysis this measure was not included in any of these models. 
Discussion
The results of the current study demonstrate for the first time that LV longitudinal dysfunction is The reasons for impaired LV function in ToF are poorly understood. It has been suggested that myocardial ischemia before corrective surgery may in part account for late LV dysfunction. In fact, Hausdorf et al. 29 have reported that severity of pre-operative hypoxemia affected late systolic function. In addition, shared myocardial fibers between LV and RV and the adverse impact of septal shift have been suggested to account for LV dysfunction in this setting. 30 Left ventricular dysfunction in ToF patients is rarely of the severity encountered in patients with acquired heart failure. However, previous studies have linked low LV ejection fraction in this setting fraction to poor outcome. 11, 31 We have recently demonstrated that LV ejection fraction may lack sensitivity in detecting early myocardial damage in ToF patients.
The current study was therefore performed to test the hypothesis that variables of LV longitudinal function (especially LV-LS) are significant predictors of SCD/LTA and superior to LV ejection fraction. On univariable Cox proportional-hazard analysis LV-LS and MAPSE were significantly associated with a higher risk of SCD/LTA, while LV ejection fraction was not.
Somewhat surprisingly MAPSE, a simpler measure of LV longitudinal function measured on conventional M-mode was similarly helpful as LV-LS in assessing prognosis. In contrast to a previous study employing invasive measurements of LV enddiatolic pressures (LVEDP), 10 we could not confirm an association between LV diastolic dysfunction -as derived echocardiographically -and outcome. This could be explained with the inherent limitations of estimating LVEDP based on echocardiographic assessment. 24 This finding, however, may have important clinical implications as cardiac catheterization merely for risk stratification is not justified in this setting and the results of our study show that extrapolating from echocardiographic measures of diastolic function on prognosis should be avoided. The current study also demonstrates the prognostic value of right atrial enlargement, impaired RV function and RV dilatation in this cohort.
Assessment of RV volumes and RV function based on conventional volumetric variables
such as ejection fraction remains challenging on echocardiography due to the complicated geometry of the RV and limited acoustic windows in many patients. [32] [33] [34] While LV function and dimensions can accurately be assessed on transthoracic echocardiography, these measurements therefore remain the province of cardiac MRI with its advantages of a wide field of view, lack of anatomic plane restriction, and superior reproducibility. 35 However, there is no unrestricted Although rare overall, SCD remains a particular concern for this young patientpopulation and is not well predictable. Risk stratification remains challenging and has been discussed in detail elsewhere. 9 The annual incidence of death in adult ToF patients varies with age but is generally believed to be around 0.5% per year. 38, 39 This concurs with the incidence of SCD in the current study. Another clinically relevant and objective outcome measure is the annual incidence of SCD or documented ventricular tachycardia. 8 The annual incidence of SCD/LTA in the current study was 2.4%, which is similar to the rate reported by Harrild et al.
(2.9%). Due to the lack of invasive pressure and EP data in the majority of patients, the current study was unable to compare the performance of the score published by Khairy to our echocardiographic score directly. Nevertheless, the results of this study suggest that echocardiographic measures should be incorporated in future comprehensive score systems. Writing in an editorial -to the seminal paper identifying QRS prolongation as major risk factor of SCD in 1995 -Brickner estimated that approx. 1,700 ToF patients with a follow-up time of 10 years would be required to attain sufficient statistical power to construct a meaningful multivariable statistical model to predict such events. 40 Not surprisingly, even 1½ decades later no such comprehensive model exists. Until sufficient statistical power can be achieved as part of even larger multicenterstudies, no strong recommendations will be possible and clinicians will have to rely on their training and experience, supplemented by the results of various studies rather than on an algorithmic approach. We believe that the findings of the current study should be helpful to clinicians for estimating the risk of LTA or SCD and may represent a useful adjunct or alternative to the score system provided by Khairy and colleagues.
Limitations of the study
This study was performed at tertiary care centers for adult congenital heart disease. Therefore, we cannot exclude the possibility that the patients in the study could be a biased sample, favoring those with more symptoms and advanced disease. Furthermore this study focused on longitudinal biventricular function using speckle tracking analysis. Analysis of radial, circumferential and torsional deformation may have provided additional prognostic information. However, global 2 dimensional LV-LS was chosen as it can be calculated semi-automatically from speckle tracking analysis and offers good intraobserver and interobserver variability. 41, 42 In addition, it has been demonstrated to be useful in predicting outcome in heart failure patients. 43 While virtually all patients, without a contraindication, underwent cardiac MRI scans during the follow-up period, MRI measures were available in only approximately 50% of the patients within 6 months of the echocardiographic investigations, thus considerably reducing event rate and statistical power in this subgroup. We, therefore, did not provide estimates of the prognostic value of MRI variables.
Further MRI studies are required to provide such information. Due to inadequate acoustic windows and the inability to clearly delineate the entire right heart from on an apical 4-chamber view, RV fractional area change could not be determined in 16%, while right atrial area was unavailable in 7% of patients. This may represent a limitation of the method described, especially if retrospective data is to be used to estimate prognosis based on the echocardiographic score provided. 
